We have previously reported the cloning of cDNAs for a Dictyostelium cell-surface cAMP receptor that is a member of the family of G-protein-linked receptors. Here, we report the organization and the developmental expression of this cAMP receptor gene, designated CARl. CARl is a single copy gene that contains two intervening sequences. CARl mRNA levels are low in growing cells, rise to peak expression at 5-10 hr of development when the cAMP signaling system is maximally active, and decrease as development proceeds. At 5 hr the predominant mRNA species is -1.9 kb, by 10 hr the mRNA is heterogeneous with sizes of -1.9-2.1 kb, but during culmination only the 2.1 kb mRNA is detected. The variety of mRNA sizes results from differences in 5'-untranslated regions. Studies using developmental mutants with aberrant cAMP-signaling patterns indicate that pulsatile action of cAMP promotes maximal expression of CARl during early development. Low stringency hybridization of CARl probes to genomic DNA detects additional, related sequences, suggesting that there are several genes that encode a family of structurally similar receptors. Multiple functions previously attributed to the cAMP receptor instead may be fulfilled by distinct receptor subtypes encoded by specific genes.
during early developmental stages (Kimmel and Carlisle 1986; Kimmel and Saxe 1986; Kimmel 1987; Mann and Firtel 1987) . However, later in development, when specific cell types are formed, there is a requirement for constant cAMP receptor stimulation (Schaap and van Driel 1985; Comer et al. 1986; Haribabu and Dottin 1986; Oyama and Blumberg 1986; Kimmel 1987; Wang et al. 1988) .
Cloned cDNAs for a cAMP receptor expressed during early development have been isolated (Klein et al. 1988) . Its derived amino acid sequence suggests a protein structure that is topologically similar to other G-protein-coupled receptors, characterized by seven hydrophobic domains (Dohlman et al. 1987) . Here, we report the genomic organization and developmental expression of this cAMP receptor gene, designated CARl. We find evidence for a single copy of CARl in the D. discoideum genome and a major accumulation of its mRNA when the cAMP signal-relay system is being assembled. Following the formation of multicellular structures, mRNA levels decline and mRNA size heterogeneity is detected. These sizes result from differences in the 5'-untranslated region of the CARl mRNA. Maximal induction of CARl expression requires a cAMP signal response coupled to an intracellular system that may be independent of adenylyl cyclase activation.
these genes suggests the possibihty that the multiple effects ascribed to extracellular cAMP may be mediated by a family of receptors with distinct effector targets.
Results

Genomic organization of CARl
We used full-length and 3'-specific cDNA probes to examine the genomic organization of CARl by DNA blot hybridization (Fig. 1 A) . Under relatively high-stringency The intron sequence is bold and underlined. Its position was determined by comparison with CARl cDNA sequences (Klein et al. 1988) . Its length was determined by PCR amplification of genomic DNA using the indicated oligonucleotides A and B (see Fig. 3 We have also compared the restriction maps and DNA sequences of CARl cDNAs from early in development with isolated genomic clones. The cDNA and genomic sequences were colinear except for two introns that are A + T-rich and are flanked by consensus splice sites (Kimmel and Firtel 1980) . The first intron Ues 38 bp upstream of the start codon (Fig. 2) . The approximate length (1300 bp) and position of intron I was confirmed by polymerase chain reaction (PCR) amplification of genomic and cloned CARl DNA using oligonucleotides that flank intron sequences (Fig. 3) . Figure 4 shows the 142-bp sequence of the second intron. It lies within the putative third transmembrane domain of the proteincoding region and was localized precisely by comparison with cDNA sequences (Klein et al. 1988) . Figure IB is a diagram of the general structure for the CARl transcript during early development and indicates the relative location of the encoded CARl protein domains.
Multiple receptor genes
To determine whether there were other Dictyostelium genes related to CARl, we performed hybridizations at reduced stringency conditions (Fig. 5) . CARl probes hybridize strongly to CARl receptor-specific fragments (cf. (Klein et al. 1988 ).
TM probe recognized other bands in addition to those of CARl, whereas the CT probe hybridizes specifically to CARl fragments. Probes from regions that span other transmembrane domains yield similar low^-stringency hybridization patterns (data not shown). The cross-hybridizing fragments would suggest the presence of a family of genes that encode proteins similar to CARl.
Expression of CARl during development
We examined the expression of CARl during the major stages of the D. discoideum developmental cycle. To avoid potential interference by cross hybridization with N A X *t
with Fig. lA ) but also weakly to additional bands, suggesting that there are several genes related to CARl in the genome. To determine the regions of sequence similarity among them and to identify gene-specific sequences, probes of similar size but from different regions of CARl were also used for blot hybridizations. The transmembrane (TM) probe (see Fig. 6A ) contains a 211-bp sequence corresponding to a region encoding transmembrane domains 6 and 7 and extracellular loop 3 of the CARl receptor protein (Klein et al. 1988) . The carboxy-terminal (CT) probe (see Fig. 6A ) contains the 3'-most 271 bp of the protein-coding region. As seen in Figure 6B , under relaxed hybridization conditions, the fails to undergo chemotaxis or to synthesize cAMP or cGMP in response to exogenously added cAMP (Coukell et al. 1983; Snaar-Jagalska et al. 1988; Kumagai et al. 1989) . Moreover, HC-33 is unable to complete development in the presence of strains that produce normal cAMP signals. Agip 53 is also unable to produce cAMP signals or aggregate by itself; however^ it can be induced to acquire chemotactic ability and complete development in the presence of strains that produce a cAMP signal or by supplying exogenous cAMP (Darmon et al. 1977; Juliani and Klein 1978; Wurster and Bumann 1981) . These exogenous cAMP signals trigger increases in cGMP but not in cAMP within agip 53 cells. Ax-3 (control cells), HC-33, and agip 53 were grown to early log phase, washed from nutrients, and shaken in differentiation buffer. Separate cultures of each strain received no immediate treatment (-) or 25 nM pulses of cAMP (P) to mimic normal cAMP signaling. Each culture was split after 10 hr. Identical cultures then received no treatment (20) or cAMP to 1 mM (20-1-) to promote later stages of differentiation.
In suspension cultures of Ax-3 cells, CARl mRNA accumulates during early differentiation similar to development on a solid substrate and then declines during later stages (Fig. 8A) . Providing Ax-3 cells with exogenous pulses of cAMP accelerates slightly the appearance 0 5 1015 20 0 5 10 15 20 transcripts from the additional receptor genes we used the CT probe, which even under relaxed hybridization conditions only detects CARl on DNA blots (see Fig. 6 ); because DNA-DNA duplexes are less stable than equivalent RNA-DNA duplexes, we adjusted the hybridization conditions to ensure the equivalent specificity of the carboxy-terminal-CAi^i probe on RNA blot hybridizations (Wahl et al. 1987) . In growing cells, the levels of CARl mRNA were low (Fig. 7A) . By 5 hr, the stage of development when the cAMP-signaling system is established, a single major species of ~1.9 kb has accumulated. While mRNA levels remained elevated during aggregation (10 hr), the size became heterogeneous (-1.9-2.1 kb), and as levels decreased during the latter stages of development (15 and 20 hr), the 2.1-kb species of CARl mRNA predominated. A larger, less abundant RNA species may also be detected. Identical results were obtained using a fulllength CARl cDNA probe (Fig. 7B) .
To determine whether cAMP signaling is involved in the regulation of CARl expression, we compared control (Ax-3) cells with two developmental mutants, frigid A and agip 53, which are unable to establish or respond normally to a cAMP signal. The frigid A strain HC-33 A»-^d k Figure 7 . Developmental expression of CARl mRNA. Wildtype cells growing on bacteria were harvested in logarithmic phase, washed, plated on filter pads, and allowed to synchronously develop. At 5-hr intervals cells were collected, and poly(A)'^ RNA was isolated. The RNAs were separated by size on denaturing gels and blotted for hybridization.
[Left] Hybridization with the CAi?i-specific, carboxy-terminal probe (see Fig. 3A ) at high stringency (37°C). These conditions are 15°C higher than the relaxed conditions used for the DNA blots in Figs ment. RNase H cleavage experiments were used to localize the length heterogeneity within the transcripts (see Fig. 9 ). RNAs were hybridized with CAi^i-specific oligonucleotides, and the duplexes were digested with RNase H, which only cleaves RNA-DNA hybrids (Berger 1987) . Products were separated on denaturing gels and hybridized with 5'-or 3'-specific probes (see Figs. 9 and 10). Conditions of hybridization assured that only CARl mRNA sequences would be detected. Fragments of CARl mRNA 3' of nucleotide + 538 (relative to the AUG start codon) were similar in length, whereas fragments 5' of nucleotide -I-935 differed during development (Fig. 10) . At 5 hr the 5' fragments appeared as a closely spaced doublet, whereas at 10 hr an additional, larger CARl band was detected. A spectrum of 5' bands was also observed in the RNA isolated from Ax-3 cells differentiated in suspension culture for 8 hr. At 15 hr the larger sized 5' fragment was predominant. An additional, even larger band may be present that may derive from the large, rare mRNA detected during late development (see Fig. 7 ). The differences in 5' fragment sizes account largely for the size heterogeneity observed on the developmental RNA blot (see Fig. 7 ), although slight differences in poly(A) length cannot be excluded by these data.
GENES & DEVELOPMENT
Because the CARl mRNA size heterogeneity must lie 5' of nucleotide +538, we used oligonucleotides to amplify the CARl mRNA from nucleotide 1 to nucleotide + 538 using reverse transcriptase coupled to PCR. We found no size differences at any of the developmental stages examined (Fig. 11) . Thus, the CARl mRNA size heterogeneity must derive from differences in their 5'-untranslated regions. All of the CARl mRNA forms would potentially encode identical proteins.
Knowing the lengths of the 5'-and 3'-RNase H fragments and the relative positions of the oligonucleotides within the protein-coding region, we determined the lengths of the 5'-and 3'-untranslated regions of the CARl mRNAs during the different developmental stages. The RNAs present throughout development contain 3'-untranslated regions of -450 nucleotides. At 5 hr of CARl mRNA. The frigid A mutant cells are unable to accumulate CARl mRNA above the low level detected in growing cells whether or not the cells are presented with exogenous cAMP either intermittantly or continuously (Fig. 8B) . Although untreated agip 53 cells are unable to accumulate CARl mRNA, repeated stimulation with exogenous cAMP promotes its accumulation with normal developmental kinetics (Fig. 8C) . Thus, it appears that oscillatory cAMP signaling is required for the maximal induction of CARl mRNA expression. However, because the expression of CARl is stimulated in agip 53 cells, CARl induction appears to be independent of periodic increases in intracellular cAMP and may depend on other intracellular messengers.
CARl mRNA length heterogeneity
Data presented in Figure 7 indicate that multiple size forms of CARl mRNA are expressed during develop- ceptor expression increases. This cascade of events promotes the maximal levels of CARl RNA observed during early development. Cells that do not exhibit a functional signaling system (as exhibited by certain frigid A mutants) cannot maximally activate CARl expression. Cells blocked in cAMP-regulated adenylyl cyclase activation are able to accumulate CARl mRNA and cAMP-binding sites if presented w^ith repeated cAMP stimuli. Because these cells are not blocked in guanylyl cyclase and, presumably, phospholipase C activation, it is likely that other intracellular messengers are coupled to CARl expression. We have previously identified IP3 and diacylglycerol, the products of phosphotidylinositol bisphosphate cleavage by phospholipase C, as potential activators of developmentally regulated gene expression in Dictyostelium (Ginsburg and Kimmel 1989 ).
As cells proceed through aggregation, a larger size form of CARl mRNA is expressed, and only this new^ size form persists through the remainder of the developmental program. The differences among these mRNAs reside in their 5'-untranslated regions. The developmentally regulated changes in size of the CARl RNAs could result from alternative transcriptional initiation sites or alternative splicing. The Dictyostelium phosphodiesterase gene encodes multiple sized mRNAs, and recent evidence indicates the presence of both stage-specific initiation and splice sites (Podgorski et al. 1989; Faure et al. 1990 ).
In the initial hours of development, the binding of secreted cAMP to surface receptors elicits a number of Gin development the 5'-untranslated regions are -250-300 nucleotides, w^hereas at 10 hr an additional size form of -450 nucleotides is observed that persists through later stages.
Discussion
Extracellular cAMP plays a critical role in the developmental program of Dictyostelium (for review^, see Devreotes 1989) . Because its effects appear to be mediated through cell-surface cAMP receptors, we have focused our attention on these molecules. Previously isolated cDNAs for a cell-surface cAMP receptor, CARl (Klein et al. 1988) v/ere used to analyze the genomic organization of this receptor gene. CARl is encoded by a single-copy gene. CARl mRNA levels are low in growing cells and accumulate rapidly during the first several hours of development, as do CARl protein and surface cAMP-binding sites. Levels of all of these decline after the multicellular structure forms (Klein et al. 1987) . Taken together, these data are most consistent with a transcriptional mode of regulation for CARl expression during development.
The cAMP receptor appears to be involved in the positive regulation of its own expression. As cAMP stimulates the few receptors on the surface of growing cells, intracellular signaling pathways are activated and re- Figure 11 . Mapping of the protein-coding region of CARl mRNA by PCR. RNAs were isolated from cells that were differentiated in the suspension culture(s) or developed on filters for 5 or 10 hr. The region of CARl mRNA between nucleotides 1 (relative to the AUG) and +538 was amplified in each of these preparations by the PCR technique (see Materials and methods). These products were then analyzed by gel electrophoresis. The predominant 539-bp band seen at all time periods is indicated by the arrow. No PCR amplification is observed if reverse transcriptase (-) is not included prior to PCR. Size markers (M) (in kb) of c))xl74 replicative form DNA were digested with restriction enzyme Haelll.
GENES & DEVELOPMENT
Cold Spring Harbor Laboratory Press on December 23, 2014 -Published by genesdev.cshlp.org Downloaded from cAMP receptor gene of Dictyostelium protein-mediated responses including chemotaxis, the activation of adenylyl and guanylyl cyclases and of phospholipase C, and the modulation of the expression of a large number of genes (for review, see Firtel et al. 1989) . Following aggregation, extracellular cAMP is involved in the determination of cell fates and pattern formation.
In early development, subtle differences in the kinetics of ^H-labeled cAMP binding and in elicited responses to cAMP are proposed to result from different receptor classes that interact with specific signaling pathways (Janssens and van Haastert 1987) . Moreover, the duration of responses to cAMP differs between the early and later stages of development. Many cellular responses observed in early development adapt to a continous presence of cAMP, whereas cytodifferentiation and correlated changes in gene expression in later development require constant cAMP stimulation (Schaap and van Driel 1985; Gomer et al. 1986; Haribabu and Dottin 1986; Oyama and Blumberg 1986; Kimmel 1987 ). It has not been clear whether these various receptor forms represent the interaction of identical proteins with distinct intracellular components or whether they represent related proteins encoded by different genes. On the one hand, the pharmacological specificities of the various cellular responses are identical (Theibert et al. 1986 ). In contrast, certain responses appear during late developmental stages when CARl protein levels decline dramatically (Schaap and Spek 1984; Klein et al. 1987 ).
Our discovery of multiple genes that are related to CARl may resolve these issues. We have recently isolated genomic and cDNA clones for three genes with extensive sequence identity to CARl (C.L. Saxe, P.N. Devreotes, and A.R. Kimmel; R.L. Johnson, C.L. Saxe, A.R. Kimmel, and P.N. Devreotes, both in prep.; J.M. Louis, G. Ginsburg, and A.R. Kimmel, unpubl.) . Each would potentially encode proteins with seven membrane-spanning domains. Preliminary findings suggest that they encode distinct cAMP receptor subtypes. Experiments are in progress to describe the precise patterns of temporal and spatial expressions of each of these genes to determine whether they encode cAMP-binding proteins, and to which effector system(s) these receptors might couple.
Materials and methods
Growth and development of cells
D. discoideum wild-type strain was grown on bacteria and developed on filters as described previously (Ginsburg and Kimmel 1989) . Strains Ax-3, HC-33 (Coukell et al. 1983) , and agip 53 (Darmon et al. 1977) were grown in HL-5 liquid medium and differentiated in shaking culture as described previously (Kimmel 1987) .
Isolation and hybridization of RNA and DNA
Total and poly(A)+ RNA were prepared from cells as described previously (Kimmel 1987) . RNA was size-separated on formaldehyde-agarose gels, transferred to GeneScreen (New England Nuclear), and hybridized to radiolabeled probes (Kimmel 1987) .
Genomic DNA was isolated as described (Kimmel and Firtel 1985) . DNA was separated by size on agarose gels, transferred to GeneScreen Plus or nitrocellulose, and hybridized to radiolabeled probes. Radiolabeling of probes was performed by the random primer method using [a-32p]dCTP. High-stringency and reduced-stringency buffer conditions were identical, 50% formamide/0.8 M Na + . High-stringency hybridizations were performed at 37°C, and reduced-stringency hybridizations were performed at 22°C.
DNA sequencing
Sequencing was done by the dideoxy chain-termination method (Sanger et al. 1977 ) as applied to double-stranded DNA.
RNase H digestion
RNAs were hybridized with CAi^i-specific oligonucleotides (see Fig. 9 ). Hybrid molecules were cleaved with RNase H (2000 U/ml) in 50 mM Tris (pH 8.0), 10 mM MgCla, 150 mM NaCl, and 0.4 mM DTT at 37°C, and products were identified by RNA blot hybridization (Berger 1987) .
Sequence amplification by PCR
Poly(A)+ RNA was reverse-transcribed using AMV reverse transcriptase (Promega) and a 3'-oligonucleotide primer that was specific for CARl (see Fig. 11 ). The CARl cDNA products were amplified by PCR using Taq DNA polymerase (Cetus) and fresh 3'-and 5'-specific primers (Saiki et al. 1985) . Total genomic D. discoideum DNA and cloned genomic CARl fragments were also amplified using CAi?l-specific primers. The 5' primer was located within the 5'-untranslated region of the mRNA, and the various 3' primers were located within intron I or the protein-coding region (see Fig. 3 ). All of the PCRs were cycled 25 times for 1 min at 94°C, 2 min at 37°C, and 5 min at 72°C using a Perkin-Elmer Cetus thermal cycler.
